ABSTRACT Neuroblastoma cells were synchronized by a combined isoleucine plus glutamine starvation. Adenylate cyclase activity [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1] was measured under basal conditions and in the presence of dopamine, adenosine, and prostaglandin (PG) E1. A clear dissociation occurred between the respective evolution patterns of basal and agonistetimulated adenylate cyclase activities. The magnitudes of the enzyme response to PGE1, adenosine, and dopamine also exhibited different evolution patterns during the cell cycle. Evolution of adenylate cyclase responsiveness to PGE1 during the cell cycle exhibited striking similarities with the intracellular 3':5'-cyclic AMP changes observed elsewhere.
where.
Use of theophylline and fluphenazine as specific inhibitors of adenosine and dopamine, respectively, made it possible to demonstrate that adenosine, dopamine, and PGEI stimulated adenylate cyclase through independent receptor sites. Furthermore, whatever the stage of the cell cycle, responses to these three agonists were not additive, indicating that the receptors of adenosine, dopamine, and PGE1 control the same adenylate cyclase moieties. The data suggest that adenylate cyclase cell content and enzyme responsiveness to specific agonists can be independently controlled. In all synchronized cell types so far studied the intracellular 3':5'-cyclic AMP concentration varies at different stages of the cell cycle, being minimal at the time of mitosis and almost always reaching a maximal value in the early GI phase (1) (2) (3) (4) .
More recently it was shown in fibroblasts that at the beginning of the G1 phase intracellular cyclic AMP drops abruptly while 3':5'-cyclic GMP rises. It was suggested that the changes of cyclic nucleotides regulate the cell cycle and more generally that cyclic nucleotides are involved in the "pleiotypic" control of cell growth (5, 6) . Modulation of intracellular cyclic AMP content might result from a modification in the rate of cyclic AMP synthesis by adenylate cyclase [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1] and/or a modification in the rate of hydrolysis by phosphodiesterases. As far as adenylate cyclase is concerned, it is not clear whether enzyme activity is regulated through a change in cell enzyme content or by regulatory signals from extra-or intracellular origin.
The aim of the present work was to analyze the evolution pattern of adenylate cyclase during the cell cycle in neuroblastoma cells and the evolution patterns of the responses to three different regulatory agents: adenosine, dopamine, and prostaglandin (PG) El. The latter seems to be a candidate for intracellular regulation because several cell lines, including neuroblastoma, are able to synthesize prostaglandins (7).
MATERIAL AND METHODS
Mouse neuroblastoma cells were derived from the cholinergic clone NS20 (8) . Current properties of these cells are: total protein content is 0.250 mg/106 cells; specific choline acetyltransferase activity is 60 pmol/mg protein per min. Present karyotype: 80% of the cells have 60 chromosomes and 20% have 120.
Cell Culture. Cells were grown on Falcon petri dishes in Eagle's minimal essential medium containing Earle's salts solution supplemented with 10% fetal calf serum (Gibco), penicillin G at 50 international units/ml and streptomycin sulfate at 5 ttg/ml. Cells were incubated at 370 in 90% air/10% CO2.
The doubling time of the cell population was close to 20 hr.
Synchronization Procedure. Cells were collected during the exponential phase of growth, plated (106 cells per dish), and grown in normal medium for 40 hr. Cell growth was arrested by aminoacid starvation according to Tobey's method (9) . The starvation medium was Eagle's minimal essential medium with Earle's salts, free from glutamine and isoleucine, and supplemented with 10% of extensively dialyzed fetal calf serum. Growth was reinitiated after 36 or 48 hr starvation by addition of complete medium containing isoleucine and glutamine at twice normal concentrations. Cells starved for 48 hr were used to study the first 12 hr of the cell cycle; those starved for 36 hr, to study the last part. In some experiments cells were resynchronized at the end of the first cycle using the following method: 3 hr before mitosis, 0.2 ,uM Colcemid was added to each dish and cells were collected, washed three times in growth medium at 40, and replated at a density of 4 in the exponential growth phase was stimulated by adenosine, dopamine, or prostaglandin El (Fig. 1) . The dose-response curve for PGEI did not exhibit simple saturation kinetics. For concentrations ranging from 0.01 to 1 gM the dose-response curve can be described adequately by Michaelis kinetics (Fig.  1, insert) . The response obtained in this concentration range probably reflects interaction of PGE1 with a limited number of specific receptor sites (apparent Km: 0.18 gM). Increasing PGE1 concentration above 1 ,gM led to a further and nonsaturable increase in enzyme activity. This effect, which exhibits very poor specificity towards prostaglandins from the different series, might reflect a nonspecific interaction of these highly hydrophobic molecules with the membrane (10). Response to adenosine was obtained over a 1 MM to 100 ,M concentration range. The magnitude of maximal activation is about 60% of that induced by 1 MiM PGE1. For adenosine concentration above 50,uM an inhibitory effect was apparent in most experiments. Dopamine induced a 3-to 5-fold increase in adenylate cyclase activity with an apparent Km of 1-2 ,M. The response to dopamine was blocked by fluphenazine (10 MuM) and phentolamine (10 MM) (Fig. 2) , partially inhibited by propranolol, and unaffected by a pure adrenergic ,3-receptor antagonist (pindolol). The specificity of dopamine receptors in neuroblastoma cells is comparable to that of dopamine receptors present in the rat caudate nucleus (12) . Fluphenazine did not block the response to either adenosine or PGE1; theophylline, a competitive inhibitor of adenosine in neuroblastoma cells (10), did not inhibit responses to dopamine and PGEI (Table 1) .
Studies with Synchronized Cells. The isoleucine-glutamine starvation technique resulted in good synchronization of neuroblastoma cells (Fig. 3) . As for other cell lines deprived of isoleucine, starved neuroblastoma cells appeared to be blocked at the Go restriction point. The first cell cycle following reinitiation of cell growth lasted 21 hr and the relative durations of G1, (S + G2), and mitosis were 9, 10, and 2 hr, respectively; the G2 phase was difficult to detect.
The evolution patterns of the responses to the three agonists were very different. Adenylate cyclase activity in presence of PGE1 (1 MuM) exhibited the largest variations. It decreased during the G1 phase, rapidly increased during the first hours of the S phase, and declined before mitosis (Fig. 4) . Specific basal adenylate cyclase activity increased linearly over the duration of the entire cell cycle (Fig. 5) . When the response to the three agonists tested was measured by the enzyme activation ratio (stimulated/basal activity)(see Figs. 4 and 5), the response to dopamine remained almost constant during the cell cycle; the adenosine response gradually decreased, while the response to PGE1 showed two peaks, one at the beginning of the cycle and the second during the S phase. The cells remained partially synchronized during the second cycle following reinitiation of growth (Fig. 6 ). The mitotic index was still 45% at the end of the cycle. During the first part of the second cycle, the evolution pattern of PGE1-stimulated adenylate cyclase activity was qualitatively similar to that observed during the first GI phase.
In parallel, cells were resynchronized at the end of the first cycle by Colcemid treatment (Fig. 6 ). Whatever the phase of the cell cycle considered (0, 7, and 15 hr after reinitiation of growth), the responses to stimulation by two agonists added together were never additive (Fig. 7) . At 1 ,M PGE1 (a saturating concentration for the high-affinity sites for PGE1) the responses measured in the absence or presence of maximal amounts of adenosine or dopamine appeared to be similar [except when activity in the presence of adenosine and prostaglandin was tested at 7 hr of the cycle (Fig. 7B) first, suggesting that starved neuroblastoma cells were able to escape rapidly from the resting phase Go when optimal growth conditions were restored. In addition, amino-acid-starved neuroblastoma cells did not acquire the morphological differentiation characteristic of quiescent cells obtained by dibutyryl cyclic AMP, PGEI, or serum deprivation treatments (14, 15) .
If one considers the close similarity in the evolution patterns of PGEI-sensitive adenylate cyclase during the two successive G1 phases (Figs. 4 and 6) , it is tempting to consider that the first cycle following reinitiation of growth is representative of a normal cell cycle. However, depending on the batch of serum used, isoleucine plus glutamine starvation led to arrest of cells in differentstates (modification in cell size and protein content per cell). (13) . It has been shown that PGE1 is able to induce an arrest of cellular growth and that indomethacin, a potent inhibitor of prostaglandin synthesis, stimulates the proliferation of HeLa cells (19) .
These data, taken into consideration with the evidence that neuroblastoma cells, glial cells, and fibroblasts have the capability of synthesizing prostaglandins (7), raise the possibility that endogenous prostaglandins might participate in the regulation of cyclic AMP production during the cell cycle.
